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We report the isolation and partial characterization of three new mutants of Streptomyces coelicolor that are
defective in morphogenesis and antibiotic production. The genes identified by the mutations were located and
cloned by using a combination of Tn5 in vitro mutagenesis, cotransformation, and genetic complementation.
Mutant SE69 produces lower amounts of antibiotics than the wild type produces, produces spores only after
prolonged incubation on rich media, and identifies a gene whose predicted protein product is similar to the
GntR family of transcriptional regulators; also, production of aerial mycelia on both rich and poor media is
significantly delayed in this mutant. Mutant SE293 is defective in morphogenesis, overproduces antibiotics on
rich media, fails to grow on minimal media, and identifies a gene whose predicted protein product is similar
to the TetR family of transcriptional regulators. Preliminary evidence suggests that the SE293 gene product
may control a molybdopterin binding protein located immediately adjacent to it. Mutant SJ175 sporulates
sooner and more abundantly than the wild type and overproduces antibiotics on rich media, and it identifies
a gene whose predicted protein product contains regions of predominantly hydrophobic residues similar to
those of integral membrane proteins.

Understanding the signals and pathways that allow cells to
sense changes in their environment and transmit this informa-
tion at the molecular level to make changes in gene expression
is fundamental to understanding development in both pro-
karyotes and eukaryotes. Streptomyces spp. are gram-positive
soil bacteria that, upon sensing starvation, release small mol-
ecules from the growing substrate mycelia (37) that signal
initiation of a program of gene expression evidenced by the
erection of developmental structures called aerial hyphae.
These aerial hyphae coil and ultimately septate to form
uninucleoid mature spores. Coincident with these complex
morphological changes is the production of a number of med-
ically important natural product antibiotics. Most of what is
known about the pathways that contribute to morphogenesis
and antibiotic production has come from studies of mutants
that are defective in one or both of these processes. Mutants
blocked in the production of aerial hyphae, the first visible sign
of morphogenesis, are called bald (bld) mutants. Many of these
mutants are also defective in antibiotic production. Mutants
that are able to initiate morphogenesis but are defective in the
ability to form mature spores are called white (whi) mutants.
The genes identified by these bld and whi mutants have diverse
functions, and while a clear picture of how they participate in
morphogenesis and antibiotic production is still emerging, it is
clear from the study of these mutants that they hold the key to
understanding both morphogenesis and antibiotic production
in these complex bacteria.

The bld gene products include a tRNA (encoded by bldA)
that recognizes a rare leucine codon (19), a DNA binding
protein (encoded by bldD) that acts as a transcriptional regu-
lator of its own transcription, as well as that of whiG and bldN,

a sigma factor (encoded by bldN) (3), an anti-anti-sigma factor
(encoded by bldG) (4), an oligopeptide importer (encoded by
bldK) (23), a response regulator required for morphogenesis
(encoded by bldM) (3, 21), and a putative DNA binding pro-
tein (encoded by bldB) required for catabolite repression, mor-
phogenesis, and antibiotic production (25). While no clear
pathway emerges from a description of these genes, the ability
to form aerial hyphae can be restored by extracellular comple-
mentation between some bld mutants, suggesting that at least
one pathway controlling the initiation of morphogenesis in-
volves a cascade of extracellular signals (36). Since bldN and
bldB do not fit into this cascade, it is possible that these genes
are involved in additional pathways that signal development.
Similarly, the ram gene cluster has been shown to activate
development independent of the bld gene cascade (22), clearly
indicating that our understanding of how these genes function
and interact to facilitate the initiation of morphogenesis and
antibiotic production is at an early stage.

Six whi loci have been identified that are needed early in
development to form normal sporulation septa, and two of
these genes have been extensively characterized at the molec-
ular level. whiG encodes a sporulation-specific sigma factor
that resembles the fliA-encoded sigma factor of enteric bacte-
ria and �D of Bacillus subtilis (6), and, of special interest to this
study, whiH encodes a member of the GntR family of tran-
scriptional regulators, many of which are repressors that re-
spond to carboxylate-containing intermediates in carbon me-
tabolism (29).

The complexity of these pathways and the fact that several of
the bld and whi genes were identified on the basis of single
alleles suggest that many more genes have yet to be identified.
In fact, a recent genome-wide screen for morphological mu-
tants led to isolation of several previously uncharacterized
genes (9). Recent advances by Gehring et al. (9) have led to
adaptation of an effective method of in vitro transposon mu-
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tagenesis in Streptomyces in which a Tn5 derivative was used
(10). We have used this method to perform a genome-wide
screen for mutants using two new transposons, each containing
a reporter gene (either EGFP or xylE), to generate transcrip-
tional fusions upon insertion of the transposon. The xylE gene
encodes a catechol dioxygenase, which converts colorless cat-
echol to a yellow oxidation product. The EGFP gene encodes
a protein that fluoresces green when it is exposed to UV light
(7) and has been used successfully in Streptomyces as a reporter
gene (34).

Here we describe identification of three previously unchar-
acterized genes that affect, directly or indirectly, both morpho-
genesis and antibiotic production. Linkage between the drug
resistance marker in a transposon and the mutant phenotype
was established by cotransformation. Primers homologous to
the ends of Tn5 were used to determine the chromosomal
DNA sequence adjacent to the insertion and the address of the
insertion in the genome. The wild-type allele of each mutant
was cloned and used to test for genetic complementation of the
mutant phenotype.

MATERIALS AND METHODS

Strains and growth conditions. Streptomyces coelicolor M145 (SCP1� SCP2�)
genomic DNA was used for in vitro transposon mutagenesis with derivatives of
Tn5. S. coelicolor M145 was used as a recipient of the M145 genomic library with
transposon insertions. Growth and manipulation of these strains were performed
as described previously (16). R2YE, MS, and MYM were used for growth on
solid medium, and YEME was used for growth in liquid medium (16). Morpho-
genic and antibiotic production phenotypes were examined on MYM, minimal
medium with glucose as the sole carbon source (MM-glucose), minimal medium
with mannitol as the sole carbon source (MM-mannitol), minimal medium with
maltose as the sole carbon source (MM-maltose), and R2YE agar. When ap-
propriate, the medium was supplemented with 50 �g of apramycin per ml, 200 �g
of spectinomycin per ml, or 50 �g of hygromycin per ml. Escherichia coli strain
XL-10 gold was used for preparation of plasmid DNA as described previously
(20). E. coli ET12567/pUB307 (dam dcm) was used for conjugation with S.
coelicolor. E. coli DH5� was used for construction of the Tn5EGFP insertion
library, E. coli XL-1 blue was used for construction of the Tn5xylE library, and E.
coli strain XL-10 gold was used for construction of the Tn5apr library.

Construction of modified Tn5 transposons for use in vitro. Three versions of
Tn5 were used in this study, Tn5apr (9), Tn5xylE, and Tn5EGFP. To construct
Tn5xylE, the 2.66-kb HindIII-NruI fragment containing the promoterless copy of
the xylE gene from pXE4 (14) was ligated into pBluescript II KS(�) that had
been digested with HindIII and SmaI, resulting in plasmid pLQ1 (Fig. 1). The
2.4-kb BamHI fragment of pLQ1 was cloned into the BamHI site of pMODApr
(9) to insert the promoterless copy of the xylE gene immediately adjacent to the
19-bp end of Tn5, resulting in plasmid pLQ2 (Fig. 1). To construct Tn5EGFP, a
1.8-kb EcoRI-EcoRV fragment containing a promoterless copy of the EGFP
gene from pIJ8668 (34) was ligated into pBluescript II KS(�) that had been
digested with EcoRI and EcoRV, resulting in plasmid pLQ4 (Fig. 1). The 1.8-kb
BamHI fragment from pLQ4 was ligated into pMODApr to insert the EGFP
gene immediately downstream of the 19-bp end of Tn5 to generate pLQ6 (Fig.
1). All plasmid constructions were verified by restriction digestion and analysis
on agarose gels.

In vitro transposon mutagenesis. To create plasmid libraries, M145 genomic
DNA was digested with Sau3A1 and cloned into the BamHI site of pSpecoriT.
One of the genomic libraries used in this study was kindly provided by Amy
Gehring and Rich Losick, and its construction is described elsewhere (9). These
genomic libraries were used in in vitro transposition reactions with Tn5xylE and
Tn5EGFP contained on the PvuII fragments from pLQ2 and pLQ6, respectively.
The reaction conditions used were those described by the manufacturer (Epi-
center Technologies, Madison, Wis.). After incubation, each transposon contain-
ing a plasmid library was transformed into E. coli, and transformants were
selected on Luria-Bertani (LB) agar (20) containing 50 �g of apramycin sulfate
(Sigma) per ml and 200 �g of spectinomycin (Sigma) per ml. The resulting
transformants were pooled, and plasmid DNA was transformed either into E.
coli ET12567/pUB307 for mating with S. coelicolor or into E. coli ET12567 for
preparation of plasmid DNA for transformation of S. coelicolor. Selection of

plasmid DNA in E. coli ET12567/pUB307 was performed as described above
except that 30 �g of kanamycin per ml was added. Mating and transformation
were carried out as described previously (16). Colonies were picked after 5 to 7
days of incubation at 30°C, retested on MYM containing apramycin (50 �g/ml),
and screened for spectinomycin sensitivity (150 �g/ml), as well as for defects in
antibiotic production and/or morphogenesis. Spectinomycin-resistant strains
with obvious morphological defects were serially passaged on MYM containing
50 �g of apramycin per ml and screened for spectinomycin sensitivity.

Cotransformation. Genomic DNA from the mutants that were generated were
prepared by the salting-out procedure for isolation of genomic DNA (16) and
alkali denatured (24), and 1 �g of each DNA was used to transform M145
protoplasts. Transformants were selected on R2YE overlaid with 50 �g of apra-
mycin per ml.

Identification of the site of transposon insertion. Genomic DNA was isolated
from the verified transposon mutants, digested with ApaI (Tn5EGFP and
Tn5xylE mutants) or SacII (Tn5apr mutants), and ligated into pBluescript II
KS(�) digested with the same enzymes. The ligated DNA was then used to
transform E. coli XL-10 gold with selection on LB agar containing 50 �g of
apramycin per ml. Plasmid DNA was recovered from the Aprr transformants and
was sequenced with primers complementary to the ends of the transposon.
Primers 5� TCGACCTGCAGGCATGCAAGCTT3� and 5�GGGTACCGAGC
TCGAATTCATCG 3� generated sequences with SJ175 and SE293, but these
primers did not generate a sequence with SE69. For SE69 primers 5� GATGC
CGCTCGCCAGTCGATTG 3� and 5� GAACAGCTCCTCGCCCTTGCTC 3�
complementary to regions of the EGFP and apramycin resistance genes were
used. Sequencing reactions were carried out with a Big Dye terminator Ready
Reaction cycle sequencing kit (version 3.0), and samples were analyzed with an
ABI Prism 310 sequencer (Applied Biosystems) used according to the manufac-
turer’s instructions.

Complementation of insertional mutants. Wild-type alleles of each mutant
were obtained by PCR amplification of S. coelicolor A3 (2) chromosomal DNA.
For SJ175 primers 5� ACAAGCGCCTGCGAGGCAAGGA 3� and 5� TCACC
GCGTAGTACCACAAGCTG 3� were used; for SE293 primers 5� TCGACGT
CATCCCACGGCTGCG 3� and 5� GACGGCGAGGTTCAGGCAGGAG 3�
were used; and for SE69 primers 5� GCCGCGAACTCCTCGATGATGAC 3�
and 5� CTTCCCCGCATGTCCTGCACCTTG 3� were used. Each PCR was
performed with a DyNAzyme EXT PCR kit (Finnzymes) used according to the
manufacturer’s instructions. The PCR program consisted of 94°C for 5 min and
then 35 cycles of 94°C for 45 s, 68°C for 30 s, and 72°C for 2 min, followed by
incubation at 72°C for 10 min and then holding at 4°C. The reaction mixtures
were supplemented with 5% dimethyl sulfoxide and 5 mM MgCl2. The PCR
products were subjected to electrophoresis, extracted from the agarose gels, and
purified with a Qiagen QIAquick gel extraction kit. The fragments containing
wild-type alleles of SJ175 and SE293 were treated with the Klenow polymerase
and then digested with either SacII (SJ175) or BclI (SE293). The fragment
containing the wild-type allele of SE69 was digested with PvuII and BglII. Each
fragment was then ligated into pHygoriT that had been digested with SacII and
EcoRV (SJ175) or BamHI and EcoRV (SE293 and SE69). To construct pHygoriT,
a fragment containing the hygromycin resistance gene (hygB) was generated by
PCR amplification of Streptomyces hygroscopicus chromosomal DNA. A DNA
linker containing the recognition sequence for NcoI was ligated to the ends of the
PCR product, and the resulting fragment was digested with NcoI and ligated to
pUC19 that had been digested with AflIII to generate pUH19. A 1.98-kb SapI-
AluNI fragment from pUH19 containing the hygromycin resistance gene was
treated with the Klenow polymerase (20) and cloned into the 4.96-kb SacI
fragment of pSET152, which was also treated with the Klenow polymerase. The
ligation reaction mixtures were transformed into E. coli XL-10 gold, and trans-
formants were selected on LB agar containing 50 �g of hygromycin (Sigma) per
ml. All plasmid constructions were verified by restriction digestion and analysis
on agarose gels. Plasmid DNA was recovered and used to transform E. coli strain
ET12567/pUB307. Conjugation between E. coli and Streptomyces was performed
as described previously (16). The conjugation mixtures were plated on MS agar
containing 10 mM MgCl2, and after 18 h of incubation at 30°C, nalidixic acid (0.5
mg) and hygromycin (2 mg) were applied to the plates in an agar overlay.

RESULTS AND DISCUSSION

Construction of Tn5 insertions in the S. coelicolor chromo-
some by using in vitro transposition and marker replacement.
Three transposons based on Tn5 were used in our experiments.
Tn5apr was constructed by Gehring et al. (9) and contains an
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apramycin resistance gene flanked by the 19-bp repeats of Tn5.
Tn5xylE is a derivative of Tn5apr that contains a promoterless
copy of the xylE reporter immediately downstream of the 19-bp
repeat at the end of the transposon so that insertion of Tn5xylE
downstream of a regulatory region generates a transcriptional
fusion between the regulatory region of the gene identified and
the xylE gene. Tn5EGFP is a derivative of Tn5apr that gener-
ates similar fusions to the EGFP reporter gene. A library of S.
coelicolor M145 genomic DNA was constructed in pSpecoriT,
which has no origin of replication for Streptomyces but which
does contain an E. coli origin of replication, as well as oriT,
which allows plasmid transfer by mating between E. coli and S.
coelicolor. This genomic library was exposed to one of the three
transposons under conditions that allowed the transposons to

insert into the genomic DNA in vitro (9, 10). S. coelicolor M145
was then either mated with E. coli containing the mutagenized
genomic libraries or transformed with plasmid DNA. The four
mutants described here were, in fact, generated by transfor-
mation. Exconjugants or transformants were selected by using
the apramycin resistance (Aprr) gene located within the trans-
poson. Since pSpecoriT does not contain an origin of replica-
tion for S. coelicolor, recombinants arose either by integration
of the entire vector via a single-crossover event or by marker
replacement of the chromosomal DNA with the DNA con-
tained on the vector via a double-crossover event. These two
events were distinguished from each other by the fact that a
single crossover resulting in insertion of the entire plasmid
would produce recombinants that were Aprr (contained within

FIG. 1. Construction of transposon Tn5xylE, which contains a promoterless copy of the xylE reporter gene immediately downstream of the
19-bp repeat at the end of Tn5, and transposon Tn5EGFP, which contains a promoterless copy of the EGFP reporter gene in the same position
with respect to the end of the transposon.
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the transposon) and spectinomycin resistant (Spcr) (contained
on the vector), while marker replacement between the vector
and the chromosome via a double-crossover event would result
in recombinants that were Aprr and Spcs. These cells would
contain a replacement of the region of the chromosome con-
tained on the vector with a fragment that contained a trans-
poson insertion generating a transposon library. The recombi-
nants were screened for morphological or antibiotic
production phenotypes that potentially arose from insertions
of the transposon into genes required for these functions.

When the library mutagenized with Tn5apr was used, 276
Aprr exconjugants were selected, all of which were also Spcr.
Sixty-nine of these exconjugants had phenotypes of interest,
and they were serially passaged in the presence of apramycin
and tested for spectinomycin sensitivity. Ultimately, 11 Aprr

Spcs strains were generated. When the library mutagenized
with Tn5xylE was used, 5,216 Aprr exconjugants were selected;
151 of these exconjugants were Spcs, and 14 of them had
phenotypes of interest. When the library mutagenized with
Tn5EGFP was used, 8,096 Aprr exconjugants were selected;
158 of these exconjugants were Spcs, and 35 of them had
phenotypes of interest (Table 1).

Establishment of linkage between mutant phenotypes and
the apramycin resistance marker contained in the transposon.
The process of generating and regenerating protoplasts, espe-
cially protoplasts of S. coelicolor, results in generation of a
significant number of colonies with morphological defects. To
distinguish this background from mutations caused by trans-
poson insertion, linkage between the apramycin resistance
marker and the phenotype of interest was examined by co-
transformation (24). For cotransformation experiments,
genomic DNA was isolated from each Aprr Spcs strain that had
either an antibiotic production or a morphological phenotype
different from that of the wild type, and this DNA was used for
transformation into S. coelicolor M145 protoplasts. Apramy-
cin-resistant transformants were then screened for the mutant
phenotype of the donor. Only the transformants that showed
100% cotransformation between the apramycin resistance
marker and the phenotype of the donor were characterized
further.

Of the 11 potential mutants generated by Tn5apr, 7 yielded
transformants, and 1 of these (SJ175) was linked to the trans-
poson (four of four transformants obtained showed the mutant
phenotype). Of the 14 potential mutants generated by Tn5xylE
and the 35 potential mutants generated by Tn5EGFP, 37
yielded transformants; none of these were linked to Tn5xylE,
but 3 of them, SE69 (15 of 15 transformants), SE220 (8 of 8),
and SE293 (2 of 2), were linked to Tn5EGFP (Table 1).

Characterization and complementation of the mutant phe-
notypes. The phenotypes of each mutant were examined on
MYM and R2YE, which are relatively rich media, as well as

MM-glucose, MM-mannitol, and MM-maltose, which are min-
imal media. Wild-type S. coelicolor grows well on R2YE,
sporulates abundantly on MYM, and grows relatively well on
minimal media with glucose, mannitol, or maltose as the sole
carbon source. S. coelicolor M145, the parental strain used in
these experiments, sporulates relatively poorly on minimal me-
dia. Mannitol was used in these experiments because growth
on mannitol actually rescues the phenotype of some morpho-
logical mutants of S. coelicolor, such as bldA, bldG, and bldH
mutants (5).

Figure 2 shows a comparison of the wild-type parental strain,
strain M145, with three of the four mutants identified in this
screening analysis, SE69, SE293, and SJ175. As described be-
low, subsequent investigation revealed that the fourth mutant,
SE220, had been identified previously. To confirm that the
phenotypes of these mutants were caused by the transposon
insertions (linkage was established by cotransformation) and to
test the limits of the genes affected by the insertions, wild-type
copies of the regions of the chromosome identified by the
insertions were cloned by PCR amplification into pHygoriT
and mated into the corresponding mutant strain to test for
genetic complementation. The regions used for complementa-
tion are shown in Fig. 3. Mating of pHygoriT without an insert
was used as a negative control.

SE69 was morphologically defective on both MYM and
R2YE and failed to make the blue pigment associated with
actinohorodin production in the parental strain. As shown in
Fig. 2A1, on MYM at times when and under conditions in
which the wild type produced abundant spores (pigmented
grey), SE69 produced no spores and very few aerial mycelia. As
shown in Fig. 2A2 (a view of the back of the plate), SE69 was
also defective in actinohorodin production. On relatively poor
media, such as, MM-glucose (Fig. 2A3), MM-mannitol, and
MM-maltose, the mutant grew more slowly than wild type and
failed to produce pigment. As also shown in Fig. 2A, both the
morphological and antibiotic production defects of this mutant
were restored by complementation with the wild-type allele of
the gene disrupted in the SE69 mutant. No complementation
was observed with the same vector without an insert.

Mutant SE293 was defective in morphogenesis on MYM
and R2YE (Fig. 2B1), producing virtually no aerial mycelia,
but it dramatically overproduced the blue pigment associated
with actinohorodin production on both these media (Fig. 2B2).
Interesting, SE293 failed to grow at all on MM-glucose (Fig.
2B3), MM-mannitol, or MM-maltose. Standard tests for aux-
otrophy (16) revealed that SE293 required arginine for growth
on minimal medium. Somewhat surprisingly, neither the mor-
phological nor the antibiotic production defects of this mutant
were complemented by a fragment that included the gene
identified by the transposon insertion. There are several pos-
sible explanations for this. It is possible that the defect created
by this insertion was not complemented in trans or that it was
a dominant mutation. While cotransformation established
linkage between the apramycin resistance marker within the
transposon and the mutant phenotype, it is also possible that
this strain contained two closely spaced transposons. Experi-
ments to generate a null allele of SCO1135 by marker replace-
ment with a constructed deletion are in progress.

SJ175 sporulated more abundantly than the wild type and
produced aerial mycelia and the pigments associated with an-

TABLE 1. Identification of Tn mutants

Library No. of exconjugants or
transformants

No. with phenotypes
of interest

No. linked to
transposon

Tn5apr 276 11 1
Tn5xylE 5,216 14 0
Tn5EGFP 8,096 35 3
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FIG. 2. S. coelicolor insertional mutants. M145 is the wild-type parental strain. SE69, SE293, and SJ175 are insertional mutants. CM indicates
the relevant mutant strain containing a vector with a DNA fragment containing the region of the insertion from the wild-type strain for genetic
complementation. VO indicates the mutant containing the same vector used for complementation but without insert DNA. The strains were
compared after growth on MYM (A1, B1, and C1, photographed from the top of the plate, and A2, B2, and C2, photographed from the back of
the plate) or MM-glucose (A3, B3, and C3). (D) SE293 and M145 grown on MYM agar with different concentrations of tungstate.
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FIG. 3. Organization of the S. coelicolor chromosome near the sites of transposon insertion. For gene designations we used the nomenclature
of the Sanger Centre genome sequencing project. The numbers above each diagram indicate the base pair positions of the genes in the cosmid
DNA sequence, and the Sanger Centre annotation is given in the arrow delineating the position of each gene. The chromosomal location of each
transposon insertion is indicated by a triangle. The DNA regions that were amplified by PCR and cloned into vectors for genetic complementation
are indicated by solid lines below the open reading frames. The presumed function of each open reading frame is shown below the arrow indicating
its position.
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tibiotic production at least 24 h sooner than the wild type
produced aerial mycelia and these pigments on MYM (Fig.
2C1 and 2C2). SJ175 also produced the pigments associated
with antibiotic production at least 24 h sooner than the wild
type produced them on MM-glucose (Fig. 2C3). Complemen-
tation of SJ175 with the wild-type allele of the gene disrupted
in the SJ175 mutant on MYM partially restored the timing of
aerial mycelium production and antibiotic production to that
of the wild type (Fig. 2C1 and 2C2). Complementation with the
wild-type allele on MM-glucose restored the timing of antibi-
otic production (Fig. 2C3). No complementation was observed
with the same vector without an insert.

Chromosomal locations of the transposon insertions and
preliminary characterization of the genes likely to be affected.
Primers complementary to the 19-bp repeats at the end of Tn5
were used to determine sequences from the transposon inser-
tions in both directions into the surrounding chromosomal
DNA. Attempts to obtain sequences directly from chromo-
somal DNA were unsuccessful. To eliminate this problem, the
transposon and chromosomal DNA adjacent to it were cloned
into pBluescript II KS(�), with selection for the drug resis-
tance marker on the transposon, prior to sequencing. At least
100 bp of DNA sequence generated with each primer was used
as a query to BLAST for the S. coelicolor genome.

Mutant SE220 resulted from an insertion located within

SCE59.12c, a gene recently described by Gehring et al. (9) as
rsuA. Our insertion was located approximately 300 bp up-
stream of the insertion isolated by Gehring et al., and like rsuA,
SE220 was bld and failed to produce either the red or blue
pigments associated with undecylprodigiosin and actinorhodin
production on R2YE (data not shown). On MYM, SE220 was
unpigmented and bald.

Mutant SE69 resulted from an insertion located within
SC9A4.30 (SCO7168), and the annotated region of the chro-
mosome at this address is shown in Fig. 3A. The predicted
224-amino-acid protein encoded by this open reading frame
exhibited sequence similarity to the GntR family of transcrip-
tional regulators, which also includes WhiH. These proteins
contain conserved helix-turn-helix (DNA binding) motifs
which are slightly different for each subfamily, as well as effec-
tor binding and/or dimerization domains that also vary with the
subfamily. As shown in Fig. 4, a comparison of the predicted
protein encoded by SCO7168 with several GntR family pro-
teins revealed homology and similarity throughout the protein
with other members of this family, particularly members of the
FadR subfamily (27). The GntR family of regulators includes
almost 300 members that are distributed among a diverse
group of bacteria and are involved in the regulation of many
different biological processes. Of special interest in this context
is the whiH gene of S. coelicolor, which is required for sporu-

FIG. 4. End-to-end alignment of conserved (black background) and similar (gray background) amino acids in inferred sequences of proteins
with similarity to the predicted protein encoded by the SCO7168 (SE69) open reading frame. Abbreviations: SE69-Sc, putative GntR family
transcriptional regulator identified by transposon insertion in this study from S. coelicolor; GntR-Bs, gluconate operon transcriptional repressor
from B. subtilis; WhiH-Sc, sporulation-specific transcription factor from S. coelicolor; AphS-Ct, transcriptional regulator of a phenol utilization
operon from Comamonas testosteroni; BphS-Ps, transcriptional regulator of genes involved in polychlorinated biphenyl-biphenyl degradation in
Pseudomonas sp. strain KKS102.
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lation in this organism. While the genome sequence of S.
coelicolor suggests that there are potentially 10 GntR-like pro-
teins in this organism, only the whiH mutants and SE69 have
been identified by mutation.

The morphological phenotype of SE69 is similar to that of
the whiH mutants in that it fails to produce spores. Unlike the
whiH mutants, however, which make wild-type levels of aerial
mycelia with normal timing, aerial mycelium formation in
SE69 is delayed. The whiH locus is one of several known genes
required for septation of the aerial hyphae of S. coelicolor. Like
SE69, whiH mutants initiate morphogenesis, as shown by the
emergence of aerial hyphae, but they fail to develop the grey
spore pigment associated with mature spores. Transcription of
whiH is dependent on whiG, and whiH mutants are defective in
expression of some late sporulation genes, including whiE and
sigF. The whiH gene product has also been implicated in reg-
ulation of its own synthesis (29). While many GntR family
proteins have been shown to act as repressor proteins that are
responsive to carboxylate-containing intermediates in carbon
metabolism, some have been shown to bind sites other than
typical operator sequences, and at least one, FadR, can act as
a transcriptional activator (8).

The SE69 (SCO7168) gene is located directly adjacent to a
cluster of genes that may be translationally coupled (Fig. 3A).
The products of these genes show amino acid sequence simi-
larity to ATP binding cassette (ABC)-type membrane trans-
porters. SCO7167 encodes a putative 425-amino-acid protein
similar to a class of solute binding proteins. The mostly closely
related protein with a known function is MsmE of Streptococ-
cus mutans (35). MsmE is a lipoprotein involved in transport of
multiple sugars. A highly conserved cysteine residue in this
class of proteins, including the SCO7167 protein, allows at-
tachment of the glyceride fatty acid lipid moiety of the protein
responsible for membrane attachment (12). SCO7166 (encod-
ing 310 amino acids) and SCO7165 (encoding 303 amino acids)
encode putative integral transmembrane components of the
ABC transporter. Like other members of this class of protein
permeases, the SCO7166 and SCO7165 products contain a
highly conserved signature region located near the C terminus,
as well as membrane-spanning helixes typical of integral mem-
brane proteins and cytosolic loops that extend outside the
membrane (31). SCO7164 encodes a hypothetical protein of
unknown function. SCO7163 encodes a putative protein with
similarity to acyl/methyl transferases and aldolases. SCO7162
encodes a putative protein with similarity to aldo/keto reduc-
tases and sugar dehydrogenases. These proteins may be in-
volved in the utilization of transported solutes. SCO7161 en-
codes a probable NAD- or NADP-dependent oxidoreductase
similar to members of the short-chain dehydrogenase/reduc-
tase family. SCO7160 encodes a hypothetical protein of un-
known function. Although there is no gene in this cluster that
would be predicted to bind ATP, it would not be uncommon
for the ATP binding protein component that participates in the
transporter to be located elsewhere. While the ATP binding
protein, MsiK, is not part of a cluster that encodes transport
proteins, it has been shown to participate in both cellobiose
and maltose transport in Streptomyces reticuli (32). Interest-
ingly, the S. coelicolor genome has 81 predicted proteins that
resemble typical ABC permeases and 141 predicted proteins
that resemble ATP binding proteins. ABC transporters, regu-

lated by GntR-like transcription factors, have been found in B.
subtilis (38) and Streptomyces griseus (33).

ABC transporters have a wide variety of functions in solute
transport, including transport of sugars, peptides, and amino
acids, as well as roles in several possible drug efflux pathways.
Perhaps most relevant in this context are the relatively well
characterized bldK (23) and dasABC (33) ABC transport clus-
ters that have been shown to be required for morphogenesis in
S. coelicolor and S. griseus, respectively. Mutations in these
clusters result in a Bld phenotype. The bldK cluster of S.
coelicolor is responsible for the import of a small molecule,
morphogen, which is required for sporulation (23). The orga-
nization of the dasABC cluster is very similar to that of the
genes adjacent to SCO7168 (identified as the SE69 insertion),
and dasR, like SCO7168, is a GntR-like transcriptional regu-
lator. A detailed analysis of mutations in dasR and dasABC
strongly suggested that dasR regulates transcription of the
dasABC cluster in S. griseus (33).

We emphasize that the suggested functions of these proteins
are tentative and are based entirely on predicted protein se-
quence similarities. One interesting possibility, however, is that
the GntR-like protein identified by the SE69 mutation regu-
lates genes required for the transport of glycosylated peptides
and/or small molecules involved in morphogen-mediated sig-
naling or the transport and utilization of sugars as carbon
sources. In fact, many of the previously described bld genes in
S. coelicolor have been shown to be defective in regulation of
carbon utilization (26). The genes immediately adjacent to
SCO7168 might also encode proteins involved in sugar trans-
port. The fact that the SE69 mutant grows poorly on glucose,
mannitol, or maltose as a carbon source may be the result of an
effect of the mutation on the transport of these sugars.

The SE293 mutant resulted from an insertion located within
2SCG38.28 (SCO1135), and the annotated region of the chro-
mosome at this address is shown in Fig. 3B. The predicted
196-amino-acid protein encoded by the open reading frame
identified by this insertion exhibited sequence similarity to the
TetR family of transcriptional regulators (1, 2). TetR, AraC,
MarR, and MerR represent families of transcriptional regula-
tors involved in bacterial drug transport. They are present in
distantly related species and show little correlation with the
family of drug pumps whose expression they control. Assign-
ment of these regulatory proteins to their families is based
solely on similarities in the helix-turn-helix DNA binding do-
mains (11). As shown in Fig. 5, a comparison of several TetR
family proteins revealed particularly strong similarity between
SE293 and the conserved TetR helix-turn-helix region, which is
responsible for binding of these proteins to target DNA se-
quences. The best-characterized member of this family is the
TetR protein encoded by Tn10. In the absence of tetracycline,
TetR protein binds the tet operator and represses transcription
of the genes for a tetracycline efflux pump. When tetracycline
is present, it binds TetR, causing a conformational change in
the protein, a loss of TetR binding to the Tet operator, and
induction of genes required for tetracycline efflux (13, 30).
While most TetR-like proteins function as repressors, HapR of
Vibrio cholerae, which exhibits the highest levels of homology
with both TetR and SE293 in the helix-turn-helix DNA binding
region of the protein, has been shown to act as a transcriptional
activator (15), leaving open the possibility that the protein
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encoded by the gene identified by SE293 may act as either an
activator or a repressor. The genome sequence of S. coelicolor
suggests that there are potentially 18 proteins in this strain with
similarity to TetR that may bind DNA to affect transcriptional
regulation.

SE293 (SCO1135) is located directly adjacent to a cluster of
genes that are apparently translationally coupled and whose
protein products exhibit amino acid sequence similarity to do-
mains of proteins that function as oxidoreductases, ferredox-
ins, dehydrogenases, and carbon monoxide dehydrogenases
(Fig. 3B). This cluster specifically contains genes which encode
proteins that are similar to a class of enzymes that are mem-
bers of the xanthine oxidase family. SCO1134 encodes a puta-
tive protein with an iron-sulfur binding signature region typical
of 2Fe-2S ferredoxins. SCO1133 encodes a putative protein
similar to a flavin adenine dinucleotide binding domain similar
to those found in molybdopterin-containing proteins. SCO1132
encodes a putative protein similar to a molybdopterin binding
domain. These proteins represent a special class of molybde-
num cofactor binding proteins that require molybdenum in a
complex with pterin. SCO1131 encodes a putative highly con-
served protein of unknown function.

The xanthine oxidase family of proteins is conserved in eu-
karyotes, prokaryotes, and archaea and is one of the largest
and most diverse families of proteins that contain molybdenum
as a cofactor. These enzymes have broad and partially over-
lapping substrate specificities and typically contain two iron-
sulfur binding clusters, one flavin adenine dinucleotide binding
domain, and a molybedenum binding domain. The enzyme
may consist of a single polypeptide or several polypeptides that

function together (17). One possibility is that the proteins
encoded by the genes adjacent to the mutation identified by
SE293 function together as a single enzyme and that their
transcription is regulated by a TetR-like transcription factor
encoded by SCO1135. The fact that molybdenum binding is
essential for the function of such a complex suggested a test for
this hypothesis. Molybdopterin is one of two forms of biolog-
ically active molybdenum, and the biosynthesis and/or biolog-
ical activity of molybdopterin is specifically inhibited by tung-
sten because of the chemical similarity between the two
elements (18). If the mutation in SCO1135 eliminates a TetR-
like transcriptional activator required for expression of the
genes adjacent to it and if these genes encode a complex
required for morphogenesis, then the addition of tungsten to
wild-type cells might mimic the effect of the SE293 mutation.
As shown in Fig. 2D, addition of tungstate to wild-type cells (at
levels similar to those used in other studies to inactivate di-
methyl sulfoxide reductase in E. coli [28] without affecting
aerobic growth and viability) resulted in a phenotype similar to
that of SE293.

Mutant SJ175 resulted from an insertion located within
SCD66.12c (SCO4174) on the S. coelicolor chromosome, and
the annotated region of the chromosome at this address is
shown in Fig. 3C. The open reading frame identified by this
insertion encodes a hypothetical 83-amino-acid protein with no
significant similarity to any known protein in the database. This
protein is postulated to be an integral membrane protein based
on the fact that it contains hydrophobic residues similar to
those found in the membrane-spanning regions of integral
membrane proteins. The open reading frame immediately

 

 

 

 

 

 

 

 

 

FIG. 5. End-to-end alignment of conserved (black background) and similar (gray background) amino acids in inferred sequences of proteins
with similarity to the predicted protein encoded by the SCO1135 (SE293) open reading frame. Abbreviations: SE293-Sc, putative TetR family
transcriptional regulator identified by transposon insertion in this study from S. coelicolor; SCO0520-Sc, putative TetR family transcriptional
regulator from S. coelicolor; AGRpAT729-At, TetR family transcriptional regulator from Agrobacterium tumefaciens; PauB-Pa, TetR-like tran-
scriptional regulator from Pseudonocardia autotrophica; EpeR-Scl, repressor protein of a gene predicted to be involved in multidrug import from
Streptomyces clavuligerus.
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downstream of the SJ175 mutation encodes a hypothetical
115-amino-acid protein of unknown function without similarity
to any known protein. The open reading frame immediately
upstream of the SJ175 mutation encodes a hypothetical pro-
tein of unknown function but with similarity to another S.
coelicolor protein of unknown function, TR:CAB697132. In
addition to BLAST analysis, for SCO4174 and the genes sur-
rounding it neighbor-joining trees were constructed (data not
shown) for the 150 proteins most similar to those identified by
the BLAST search. No obvious relationships between any of
these predicted proteins and proteins having known functions
were revealed.

Summary and conclusions. Using an in vitro method of
mutagenesis based on Tn5 developed by Goryshin and Rezni-
koff (10) and adapted for Streptomyces by Gehring et al. (9), we
preformed a genome-wide screening analysis for mutants in-
volved in sporulation and/or antibiotic production in S. coeli-
color. Three new mutants were detected that identify previ-
ously uncharacterized genes: SE69 contains a mutation in a
putative GntR-like transcriptional regulator, SE293 contains a
mutation in a putative TetR-like transcriptional regulator, and
SJ175 contains a mutation in a probable membrane protein of
unknown function. Cotransformation was used to establish
linkage between the transposon insertion and the phenotype of
each mutant, and genetic complementation of two of the mu-
tants confirmed that the transposon, in fact, identified a gene
required for wild-type morphogenesis and antibiotic produc-
tion. One of the mutants, the SE69 mutant, was complemented
by a clone that contained a single intact open reading frame,
suggesting that the phenotype resulting from the insertion was
due to inactivation of a single gene.

One of the most interesting aspects of this analysis is that we
did not identify alleles of bldA or bldB, which are by far the
most common genes identified in mutant screens when chem-
ical mutagenesis and UV mutagenesis are used (5), and al-
though in part of this study we used the same genomic library
that was used by Gehring et al., we recovered only one of the
mutants that Gehring et al. recovered.

While the phenotypes of each of the mutants identified in
this screen may be rationalized by their predicted functions, we
emphasize that a complete study of these genes and their
effects is needed to determine a definite mode of action or
mechanism. As with other searches for genes required for
morphogenesis and antibiotic production in these complex
bacteria, the genes identified lead to more questions than an-
swers, and the findings emphasize the fact that the network of
pathways that these bacteria use to interact with their environ-
ment is indeed complex.
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